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Background: Anthrax toxin protective antigen (PA) forms heptameric or octameric oligomers after proteolytic activation.
Results: We engineered two PA variants that form active octamers only when both versions are present.

Conclusion: These PA variants enlarged the therapeutic window when used to target tumors compared with previous systems.
Significance: This is the first method to generate a pure pool of octameric PA oligomer.

Anthrax toxin protective antigen (PA) delivers its effector
proteins into the host cell cytosol through formation of an oligo-
meric pore, which can assume heptameric or octameric states. By
screening a highly directed library of PA mutants, we identified
variants that complement each other to exclusively form octamers.
These PA variants were individually nontoxic and demonstrated
toxicity only when combined with their complementary partner.
We then engineered requirements for activation by matrix metal-
loproteases and urokinase plasminogen activator into two of these
variants. The resulting therapeutic toxin specifically targeted cells
expressing both tumor associated proteases and completely
stopped tumor growth in mice when used at a dose far below that
which caused toxicity. This scheme for obtaining intercomple-
menting subunits can be employed with other oligomeric proteins
and potentially has wide application.

Bacillus anthracis is a Gram-positive, spore-forming bacte-
rium that is the causative agent of anthrax. Anthrax disease is
mediated by the tripartite toxin (2, 3) and the poly-p-glutamic
acid capsule of the bacterium (1). The toxin is composed of
protective antigen (PA),? lethal factor (LF), and edema factor.
PA binds to the cellular receptors CMG2 and TEMS, and the
83-kDa PA protein is cleaved by furin to a 63-kDa form (PA;),
which then oligomerizes. Formation of an oligomer generates
LF/edema factor binding sites at the interface of two adjacent
PA molecules. PA oligomerization also initiates receptor-based
signaling that triggers endocytosis of the complex. Upon acid-
ification of the endosome, the PA oligomer forms a pore in the
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endosomal membrane through which the LF and edema factor
proteins transit. Once in the cytosol, these effector proteins
exert their catalytic activities. Edema factor is a calmodulin-de-
pendent adenylyl cyclase (4) that aids in dissemination of
B. anthracis in the host (5). LF is a zinc metalloprotease that
cleaves mitogen-activated protein kinase kinases (6, 7) and
NLRP1 (8), thereby perturbing signal transduction in host cells.

It has long been observed that PA forms a heptamer upon
furin cleavage and that oligomerization is required for toxicity
(9). Recently, Krantz and colleagues (10) showed that PA is also
able to form functional octamers. Conditions under which
octameric oligomerization predominates were exploited to
crystallize the octamer (10). Comparison of the octamer and
heptamer crystal structures revealed that there are two orien-
tations of PA domain 4 (the receptor-binding domain) that
alternate in the octamer to accommodate the new geometry.
Constraining the location of PA domain 4 using different link-
ers connected to the remainder of the protein altered the pro-
portion of octamers and heptamers (11).

We set out to create PA variants that would selectively and
exclusively form octamers, starting with the PA mutant D512K
(12), which is incapable of forming oligomers (see Fig. 14). We
prepared alibrary of PA variants having the D512K substitution
together with random mutations in several residues on the
complementary face of PA; within the oligomers (see Fig. 1B)
and screened for a (re)gain of function. Screening of this library
successfully identified mutations that complement D512K. We
next placed D512K and the new complementary mutations into
two separate PA proteins, so that formation of oligomers
through the use of the two unique interfaces (wild type and
mutated) resulted in only even-numbered oligomers, among
which octamer was expected to predominate (Fig. 1C). Further-
more, we applied the octamer strategy to create a tumor-target-
ing agent that had high specificity and efficacy.

EXPERIMENTAL PROCEDURES

Plasmids—Plasmid pYS2-PA-D512K was created through
site-directed mutagenesis of pYS2 (13) by GM Biosciences
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FIGURE 1. Scheme for discovery of PA mutants that exclusively form octamers. A, wild type PA oligomerizes to predominantly form heptamers, whereas
point mutant PA-D512K is oligomerization-deficient. B, a library was created using PA-D512K by introducing diversity at residues on the complementary
binding surface to the face of PA that contains the D512K mutation and screened for variants that possessed gain of function mutations. After successful
isolation of the functional PA variants, separation of the mutations from D512K was necessary to confirm that the substitutions were individually loss of
function mutations. C, combining both complementary PA variants allows formation of oligomers using two unique interfaces (wild type and engineered). This
allows the formation of only even-numbered oligomers, in which octamers predominate.

(Rockville, MD). The pagA gene fragment containing the
D512K point mutation between the Pstl and BamHI sites was
moved into pYS5 (13) by digestion of both vectors with Pstl and
BamHI with additional cleavage of the pYS5 pagA gene with
Swal and cleavage of the pYS2-PA-D512K vector backbone
with Fspl (blunt cutting enzymes were used to prevent alterna-
tive ligation products) followed by ligation. Plasmids were elec-
troporated into Escherichia coli XL1-Blue (Agilent Technolo-
gies, Santa Clara, CA), sequenced, then electroporated
successively into E. coli strain SCS110 (Agilent Technologies)
and BH460, an acapsular, nontoxogenic, protease-deficient,
protein overexpression B. anthracis strain (14).

Reversion of the D512K point mutation to wild type in PA
variants recovered from the screen was performed with
QuikChange multisite-directed mutagenesis kit (Agilent Tech-
nologies) using the manufacturer’s instructions. The primer
used for reversion was GGATAGCGGCGGTTAATCCTAGT-
GATCCATTAGAAACGACTAA. Vectors used to express
PA-L1-GN, PA-L1-NS, and PA-U2-D512K were constructed
by placing D512K or the newly isolated mutations into existing
PA variants PA-L1 and PA-U2 using QuikChange multisite-
directed mutagenesis kit in a similar manner. PA-U2-D512K
was constructed using GGATAGCGGCGGTTAATCC-
TAGTAAGCCATTAGAAACGACTAA with pYS5-PA-U2.
PA-L1-GN and PA-L1-NS were constructed using pYS5-
PA-L1 with GGTTACAGGACGGATTGATGGAAATGTA-
TCACCAGAGGCAAACCACCCCCTTG and GGTTACAG-
GACGGATTGATAACAATGTATCACCAGAGGCAAGCC-
ACCCCCTTAG, respectively.
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Proteins—PA variants (15), LF (16), and FP59 (15) were
expressed and purified as described previously. Expected
molecular weights of all proteins were confirmed by electros-
pray ionization mass spectrometry. FP59 is a fusion protein of
the N-terminal 254 amino acids of LF, which is the PA-binding
domain, fused to the catalytic domain of Pseudomonas exotoxin
A, which ADP-ribosylates eukaryotic elongation factor 2 to
inhibit protein synthesis, leading to cell death. This fusion pro-
tein has been shown to be more toxic to most cells than LF in
combination with PA. Toxin doses used in these studies were
selected based on previous work.

Library Construction, Screening, and Tissue Culture Studies—
The library containing RRM degenerate codons at PA amino
acid positions Lys-238, Arg-242, Lys-245, and Arg-252 was
constructed using overlap extension PCR (17). Inner primers
were CTTCTGATCCGTACAGTGATTTCGAARRMGTTA-
CAGGARRMATTGATRRMAATGTATCACCAGAGGCAR-
RMCACCCCCTTGTGGCAGC (forward) and TTCGAAA-
TCACTGTACGGATCAGAAG (reverse), whereas outer
primers used for both primary and secondary amplifications
were GACGAGCGCTTCGGTCTTAACTG (forward) and
AGCAGCCAACTCAGCTTCCTTTCG (reverse). The ampli-
con was cut with BstXI and BamHI and ligated into pYS5-PA-
D512K. Purified plasmid was transformed successively into
electrocompetent cell strains MC1061 (ATCC, Manassas, VA),
SCS110, and BH460. At each step, transformed cells were
placed at 37 °C overnight on LB agar plates containing 100
pg/ml carbenicillin for E. coli strains, and 10 pg/ml kanamycin
for BH460. After overnight growth, plates were scraped, and
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plasmid was isolated. Transformation into MC1061 produced a
library of 4 X 10° clones, a 97-fold coverage of the theoretical
library size. Introduction into SCS110 gave 2.5 X 10* clones or
6-fold coverage. Each single electroporation reaction into
BH460 yielded 400 colonies, or ~0.1-fold library coverage.
BH460 colonies were picked and placed into individual wells of
96-well plates (Corning) and grown overnight at 37 °C in FA
medium (13). Plates were centrifuged to pellet the bacteria, and
2 wl was withdrawn from each well for screening.

RAW264.7 cells, a mouse macrophage cell line, were used to
assess toxicity of PA variants. Cells were plated the night before
a screening experiment at 50,000 cells per well and grown over-
night at 37 °C in a humidified atmosphere with 5% CO, in Dul-
becco’s modified Eagle’s medium (DMEM) with Glutamax
(Invitrogen) supplemented with 10% fetal bovine serum, 10 mm
HEPES buffer, pH 7.3, 1 mm sodium pyruvate, and 10 ug/ml
gentamycin (complete DMEM). The following day, the super-
natant was aspirated, and 100 ul of complete DMEM supple-
mented with 1.8 nm FP59 was placed on the cells in addition to
the 2 ul of BH460 supernatant per well. Plates were placed at
37 °C for 24 h, and then viability was assessed using a 1-h incu-
bation at 37 °C with the addition of 25 ul of complete DMEM
supplemented with 2.5 mg/ml 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide. After aspiration of the
supernatant, thiazolium salts were solubilized in 91% isopropa-
nol, 0.038 m HCl, and 0.476% SDS and then read at 570 nm.
Tissue culture studies were performed similarly but with puri-
fied PA variants mixed with FP59 instead of bacterial superna-
tants and in the presence or absence of protease inhibitors.
Nafamostat mesylate (Sigma) was used at a concentration of 75
1M, whereas ilomastat (U. S. Biological, Swampscott, MA) was
used at a final concentration of 25 um.

Animal Studies—Balb/c] and C57BL/6] mice (8 —12 weeks
old, female, 2025 g) were purchased from The Jackson Labo-
ratory (Bar Harbor, ME). For survival studies with LF as effec-
tor, Balb/cJ] mice (n = 10/group) were injected intravenously
(i.v., 200 wl) with single PA variants (50 pg) + LF (50 pg). When
the two PA variants were tested in combination, each variant
was used at 25 ug (for a total of 50 g of PA) and combined with
LF (50 ug). For survival studies with FP59 as effector, C57BL/6]
mice were injected intraperitoneally (i.p., 1 ml) with single PA
variants (10 ug) + FP59 (10 ug). When two PA variants were
tested in combination, each variant was used at 5 ug (for a total
of 10 pg of PA) and combined with FP59 (10 ug). In experi-
ments to test toxicity of the PA variants in the absence of effec-
tor proteins, the same dose of PA described above were injected
into mice without LF or FP59. Animals were observed every
8-12 h for signs of malaise over a 7-day period.

For tumor studies, female, age-matched nude mice (NCI-
Frederick Mouse Repository) were injected intradermally with
1 X 10° or 5 X 10° A549 cells, and tumor growth was moni-
tored. When tumors reached ~ 50 mg, mice (n = 10) were
injected i.p. with six doses of either PBS or PA variants and LF in
a2:1 mass ratio of PA:LF ondays 0, 2,4,7,9, and 11. Tumor size
and body weight were measured on these days. When testing a
combination of two PA variants, a 1:1:1 mass ratio of PA variant
1:PA variant 2:LF was administered. One animal died under
anesthesia and was removed from the study. Maximum toler-
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ated dose studies were conducted using an identical adminis-
tration schedule with C57BL/6] and nude mice, and blood
chemistry analysis was conducted by the Clinical Center (NIH).
All mouse experiments were performed under protocols
approved by the Animal Care and Use Committee of the
National Institute of Allergy and Infectious Diseases (National
Institutes of Health).

Electron Microscopy and Image Analysis—Aliquots of PA oli-
gomer preparations (5 ul) were briefly applied to freshly glow-
discharged, carbon-coated, 200 mesh copper grids, and excess
was removed by wicking with filter paper. Grids were then
stained for 2 min with Nano-van (Nanoprobes, Inc., Yaphank,
NY) and prepared and examined under cryo conditions at 300
kV with a FEG Titan Krios transmission electron microscope
(FEI, Hillsboro, OR). Images were recorded at a nominal mag-
nification of 120,000X and an electron dose of ~300 e /A to
prevent radiation damage. Particles having axial orientation
with a defocus range of ~0.5-2.5 um were boxed with EMAN2
and then processed using the standard multireference free
alignment to produce class averages with full contrast transfer
function correction without imposed symmetry.

Analytical Ultracentrifugation—Samples of PA and its com-
plex with LF were prepared in 0.3 m NaCl, 0.01 m Bis-Tris pro-
pane (pH9.0) and 0.5 mm EDTA. Sedimentation velocity exper-
iments were conducted at 20.0°C on a Beckman Coulter
ProteomeLab XL-I analytical ultracentrifuge. Samples of 400 ul
were loaded in two-channel centerpiece cells and analyzed at a
rotor speed of 25,000 rpm with data collected using both the
absorbance and Rayleigh interference optical detection sys-
tems. In the latter case, data were collected as single scans at 250
nm using a radial spacing of 0.003 cm. Absorbance and inter-
ference data were individually analyzed in SEDFIT (version
12.7; Ref. 18) in terms of a continuous c(s) distribution of Lamm
equation solutions using an uncorrected s range of 0.0-30.0 S
with a resolution of 300 and a confidence level of 0.68. In all
cases, excellent fits were obtained with absorbance and inter-
ference r.m.s.d. values of 0.0026 —0.0090 (A,g,) and 0.0054 —
0.015 (fringes), respectively. Absorbance and interference data
for wild type PA alone and combined with LF were also ana-
lyzed globally in SEDPHAT (version 9.4) (19) in terms of a
hybrid continuous c(s) distribution and global discrete species
representing the major component. Solution densities p were
measured at 20.000 °C using an Anton Paar DMA 5000 density
meter, solution viscosities 11 were measured at 20.00 °C on an
Anton Paar AMVn rolling ball viscometer, and protein partial
specific volumes v were calculated in SEDNTERP (version 1.09)
(20) based on the amino acid sequence.

RESULTS

A library was constructed by partially randomizing several
codons in a plasmid encoding PA-D512K. Amino acid substi-
tutions at the positions selected could potentially complement
the D512K mutation on an adjacent monomer within the
oligomer, restoring the ability to form functional oligomers.
Such “gain of function” mutations are easier to identify within a
library in which all other members are inactive. As it was feasi-
ble to survey only a few thousand clones for toxicity, we
designed a library that would contain <5,000 members. We
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FIGURE 2. Locations of mutated residues at the interface of two PA,; molecules. An illustration of two adjacent PA,; monomers (one in green, the other in
white) was made using the crystal structure of the PA pre-pore (Protein Data Bank code 1TZ0) (31). Each PA moleculeis rendered as a surface, whereas the green
loop containing residue Asp-512 as well as the white loop containing residues Lys-245 and Arg-252 are rendered in schematic form for the sake of clarity.
Asp-512 is colored light blue, whereas residues Lys-245 and Arg-252 are colored dark blue.

anticipated that charge reversal mutations were most likely to
achieve complementation of the PA-D512K mutation. Exami-
nation of the crystal structure of the heptameric oligomer iden-
tified four positively charged residues on the opposite face of
PA within 6 A of the D512K mutation as candidate residues for
mutation. We focused on the portion of the codon table that
would lead to charge reversal (supplemental Fig. S1). By using a
degenerate RRM codon (with R = A or G, and M = A or C),
seven amino acid residues were accessed using eight different
codons: aspartic acid, glutamic acid, lysine, arginine, aspara-
gine, serine, and glycine. This focused library contained a total
of 4,096 codons at the DNA level (8* = 4,096), coding for 2,401
unique proteins (7* = 2,401).

Individual colonies from the library were grown in 96-well
plates, and supernatants containing the ectopically expressed
PA variants were mixed with FP59 and placed on RAW?264.7
cells to assess toxin function. (FP59 is a fusion protein of the
N-terminal PA binding domain of LF with the catalytic domain
of Pseudomonas exotoxin A.) After screening 1,500 transfor-
mants, two gain of function mutants were identified. Each con-
tained substitutions at residues 245 and 252. The locations of
these residues relative to residue 512 are shown in Fig. 2. The
proteins were purified and characterized in assays containing
FP59 (Fig. 3A). In toxicity assays, wild type PA gave an EC,, of
2.9 pM, whereas PA K245G/R252N/D512K (abbreviated as PA-
GNK, EC,, = 5.6 pm) was 1.9-fold less toxic than wild type PA,
and PA K245N/R252S/D512K (abbreviated as PA-NSK, EC,, =
10.3 pm) was 3.5-fold less toxic than wild type PA.

Complementary PA variants were next constructed by
removing the D512K point mutation from the coding sequence
of the doubly mutated proteins. PA-D512K and the two PA
variants, referred to as PA-GN and PA-NS, were found to be
non-toxic at concentrations 1,000-fold greater than the EC,, of
wild type PA (Fig. 3B). However, combining PA-D512K with
either PA-GN or PA-NS generated high toxicity comparable to
that of wild type PA, yielding EC, values of 3.9 pm, 9.4 pm, and 12.2
pMm for wild type PA, PA-D512K + PA-GN, and PA-D512K +
PA-NS, respectively (Fig. 3C). The putative octameric species
were not toxic without an effector protein (Fig. 3D). Similar
results were obtained by in vivo toxicity studies in mice, where
only mixtures of two complementary variants were toxic when
administered with either FP59 or LF (Fig. 3, E and F).
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Biophysical characterization confirmed that octameric spe-
cies were formed upon mixing the two complementary PA vari-
ants. Preformed heptamer combined with LF and the octamer
complex formed in the presence of LF migrated differently by
native gel electrophoresis (Fig. 4). Dynamic light scattering
measurements of oligomers composed of wild type PA,
PA-D512K + PA-GN + LF, and PA-D512K + PA-NS + LF
revealed that each sample was monodisperse, so that only one
oligomeric species was present per sample (supplemental Fig.
S2). Sedimentation velocity experiments yielded a sedimenta-
tion coefficient distribution (c(s)) profile for wild type PA
oligomer indicative of a major species at 14.58 * 0.01 S (Fig.
5A), corresponding to an estimated molar mass of 520 = 10
kDa, which is somewhat larger than the expected mass of the
PA heptamer (M, = 444 kDa). Similarly, sedimentation data
for the wild type PA + LF complex indicated the presence of a
major species at 17.18 = 0.08 S, along with what appears to be
free PA heptamer. The estimated molar mass of 700 = 20 kDa is
consistent with the expected stoichiometry of seven PA ; units
carrying 3 LF molecules (M_,,. = 715 kDa). The PA-D512K +
PA-GN + LF species gave a sedimentation coefficient of
21.22 = 0.05 S and an estimated molar mass of 950 = 30 kDa,
whereas the PA-D512K + PA-NS + LF preparation has a sed-
imentation coefficient of 21.50 * 0.03 S and an estimated mass
of 905 * 35 kDa, both close to the expected 868-kDa mass of
eight PA ; moieties with four LF molecules.

Evidence of octameric assembly was obtained by use of elec-
tron microscopy (EM) (Fig. 5B) and by electrophysiological
measurements (supplemental Fig. S3). Specimens negatively
stained and imaged by cryo-EM clearly demonstrated heptam-
eric and octameric species in the wild type and complementary
variant samples, respectively. Analysis of at least 131 independ-
ent, obviously intact and axially oriented oligomers from each
sample by reference free alignment revealed that both comple-
mentary variants assembled only as octameric species, whereas
wild type PA generated heptameric species (Fig. 5B). Analyses
in artificial lipid bilayers confirmed that the complementary
pairs of PA variants formed ion-conducting channels that were
similar to, but distinguishable from, those produced by wild
type PA (supplemental Fig. S3).

The requirement that two PA variants combine to produce
toxicity offered a strategy to create tumor-targeting agents of
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FIGURE 3. In vitro and in vivo toxicity studies of PA variants. /n vitro toxicity studies were performed by exposing 50,000 RAW264.7 cells/well to varying
concentrations of PA with 1.8 nm FP59 (a fusion protein composed of the N-terminal PA-binding domain of LF linked to the catalytic domain of Pseudomonas
exotoxin A) for 24 h. Viability was then measured by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. Experiments were per-
formed in triplicate, and error bars denote S.D. Concentrations are for the total PA concentration if two variants are mixed. A, toxicities were assessed for PA
variants isolated from the library. B, toxicities of complementary PA variants were determined. C, combinations of complementary PA variants were compared
with wild type PA. D, complementary PA variants were administered in the presence or absence of FP59. Eand F, for in vivo tests, PA variants were administered
intraperitoneally or intravenously either individually or in combinations to C57BL/6J (E) or Balb/cJ (F) mice (n = 10/group) together with FP59 or LF, and animal
survival was monitored. Mouse survival times following all PA wild type and combination treatments were significantly different from single variant controls

(p < 0.0001) using a log rank test.

increased specificity. In a previous work, we created PA variants
in which the furin activation sequence was replaced by
sequences cleaved by either urokinase plasminogen activator
(i.e. PA-U2) (21) or matrix metalloproteases (i.e. PA-L1) (22), two
proteases that are overexpressed by numerous tumors. These vari-
ants contained additional mutations so that PA-U2 and PA-L1
monomers had to be adjacent within an oligomer to form native
LF binding sites (23). However, significant toxicity was still
observed for each individual protein, as these mutations did not
completely eliminate LF binding in the homo-oligomers. In con-
trast, introducing the D512K and GN or NS mutations into PA-U2
(PA-U2-D512K) and PA-L1 (PA-L1-GN or PA-L1-NS), respec-
tively, produced a targeting system having an absolute require-
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ment for both proteases to intoxicate a target cell. This result was
observed, with a pair of complementary proteins (7.5 ug of
PA-L1-GN + 7.5 ug of PA-U2-D512K + 7.5 ug of LF) completely
inhibiting tumor growth, whereas the individual proteins had no
effect, allowing tumors to grow at the same rate as those treated
with PBS (Fig. 64). No toxicity was observed, and there were no
decreases in body weight in any experimental condition (Fig. 64).
Comparison of the previous intercomplementing format with the
new octameric delivery system in the nude mouse tumor model
using A549 cells with a dose of 50 ug of total PA variants with 25
png of LF showed that both systems were equally effective at
decreasing tumor size, whereas much less toxicity was induced by
the octameric system (Fig. 6B).
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Tissue culture experiments showed that toxicity was effec-
tively eliminated when either protease activity was blocked, as
was achieved using ilomastat (a matrix metalloprotease inhibi-
tor) or nafamostat mesylate (an inhibitor of serine proteases of
the class encompassing urokinase plasminogen activator) (sup-
plemental Fig. S4). It was also found that C57BL/6] mice were
able to tolerate six doses of 80 ug of complementary PA variants
(40 pg of PA-L1-GN + 40 pg of PA-U2-D512K) with 40 pg of
LF (supplemental Table S1), whereas the same dose of the pre-
viously described PA-U2 + PA-L1 intercomplementing pro-
teins caused three of five animals to succumb, thereby estab-
lishing an approximate LDg, for the intercomplementing
system. A doubling of the dose to 80 ug of PA-U2-D512K + 80
g of PA-L1-GN + 80 ug of LF resulted in four of seven mice
surviving, thereby identifying an approximate LD, for the
octameric system. All control animals that received 80 ug of
wild type PA with 40 ug of LF succumbed after two doses.
Serum from eight surviving animals in the maximum-tolerated
dose study revealed that all samples contained normal levels of
blood urea nitrogen and creatinine (supplemental Table S2). Ala-
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FIGURE 4. Native gel electrophoresis of PA oligomers. Electrophoresis of
protein complexes were performed as described under “Experimental Proce-
dures” (32). Samples are cleaved PA-GN + cleaved PA-D512K + LF (lane 1),
cleaved wild type PA + LF (lane 2), samples 1 and 2 mixed immediately before
electrophoresis (lane 3), uncleaved wild type PA (lane 4), and LF (lane 5).
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nine aminotransferase levels were all <60 units/liter (normal
range is 17-77 units/liter), and all but one animal had aspartate
aminotransferase levels below 120 units/liter (normal range,
54.—298 units/liter). This animal received the highest dose of toxin
(160 pg of PA-U2-D512K + 160 pug of PA-L1-GN + 160 1g of LF)
and exhibited an aspartate aminotransferase level of 317 units/
liter, which is elevated but still not at a level indicating liver
damage.

DISCUSSION

In this work, we successfully engineered PA so that two com-
plementary variants of PA were required to produce a func-
tional octamer. We characterized these octamers by several
biophysical techniques and showed that they possess near-wild
type toxicity in vitro and in vivo when combined but are non-
toxic individually. Additionally, we applied this system to
require that two proteases act separately to activate a functional
toxin complex. The protease-activated protein mixture com-
pletely halted tumor growth in a mouse model, whereas indi-
vidual components had no observable toxicity. When com-
pared with the previous intercomplementing system (23), the
octameric system was found to have equal efficacy with signif-
icantly lower toxicity.

As mentioned earlier, our expectation was that negatively
charged amino acids would be selected to complement the
charge reversal at position D512K. Instead, the screen pro-
duced complementary mutations where positively-charged
residues were replaced by small uncharged amino acids, e.g.
K245@G, K245N, R252N, and R252S. This result showed that
shape complementarity to accommodate the lysine mutation
(D512K) was the most important factor, as all selected amino
acids (Gly, Asn, and Ser) were considerably smaller than the
lysines or arginines that they replaced. The library created and
screened in this work was relatively small, and it is quite possi-
ble that screening of a larger, more diverse library would iden-
tify other mutant proteins having properties similar to those of
PA-GN and PA-NS.

PA-NS + PA-GN +
PA-D512K+  PA-D512K +
PA-WT + LF LF LF

FIGURE 5. Biophysical characterization of oligomeric PA variants. A, characterization of PA and LF complexes by sedimentation velocity. Absorbance c(s)
distributions obtained in SEDFIT for wild type PA oligomer at 1.32 mg/ml (black), wild type PA + LF 2.36 mg/ml (green), PA-D512K + PA-GN + LF at 0.74 mg/ml
(blue), and PA-D512K + PA-NS +LF at 0.63 mg/ml (red). Each sample showed the presence of a predominant species. Similar profiles were observed using the
interference optical system. B, EM images of heptameric and octameric PA species. The top row shows representative unprocessed cryo-EM images from the
samples indicated. The scale bar is 20 nm and applies to this row only. The middle row shows the classes that resulted from the reference-free alignment, and
the bottom row is a compressed overlay of the respective classes for each sample. Scale bars for middle and bottom rows, 5 nm.
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FIGURE 6. Tumor targeting by complementary PA variants. A, nude mice
(n =10/group) having 50-mg tumors composed of A549 cells (resulting from
injection of 1 X 106 cells/animal intradermally) were injected IP on days 0, 2, 4,
7,9, and 11 with PBS, 15 ug of PA and 7.5 ug of LF, or a combination of
complementary PA variants (7.5 ug of each) and 7.5 ug of LF. Tumor weight
and body weight were measured on these days. There were no animal deaths
observed at this dose. Error bars denote S.D. B, nude mice (n = 9 or 10 per
group) with tumors composed of A549 cells (from 5 X 10° cells/animal intra-
dermally) were injected intraperitoneally using the same schedule as in A
with PBS, the previously published intercomplementing system (25 ng of
PA-U2-R200A + 25 ug of PA-L1-1210A + 25 ug of LF), or the octameric deliv-
ery system (25 ug of PA-U2-DK + 25 ug of PA-L1-GN + 25 ug of LF). Tumor
weight, body weight, and survival were monitored. Error bars denote S.D.

Pore-forming toxins are often homo-oligomeric, with the
prototypical example being staphylococcal a-hemolysin, a
B-barrel pore-forming toxin (24). The staphylococcal a-hemo-
lysin has been shown to form heptamers but under certain con-
ditions will also form hexameric rings (25). Anthrax toxin was
long thought to form heptamers exclusively (9), but the work by
Krantz and colleagues (10, 11, 26, 27) has shown that functional
octamers can also be formed, a conclusion that is confirmed
and extended by these studies. This suggests a cautionary
approach when considering the oligomeric states of other
anthrax-like toxins, such as clostridial C2 toxin and iota toxin
(28), and even all other pore-forming toxins, to include consid-
eration that alternative oligomeric forms might be present in
certain situations.

9064 JOURNAL OF BIOLOGICAL CHEMISTRY

In principle, the mutagenesis and screening process
described here can be repeated to create an octamer containing
up to eight distinct specificity requirements for cell targeting.
These steps could use some of the seven PA residues in addition
to Asp-512, which were previously shown to prevent oligomer-
ization when mutated to alanine (29, 30). One can envision
using complementary PA variants similar to those described
here as a platform to create “nano-toolboxes” for assembling
several different proteins or enzymatic activities together in
reproducible combinations to perform processes on the nano-
scale. Also, these PA variants can be used to understand the
specific receptor signaling requirements for uptake of anthrax
toxin. Overall, this work provides the possibility of develop-
ment and use of oligomers in targeting applications as pre-
sented here and enhances our understanding of toxin function
and toxin-host interactions.
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